We consider a static spherically symmetric thin shell wormhole that collides with another thin shell consisting of ordinary matter. By employing the geometrical constraint, which leads to the conservation of energy and momentum, we show that the state after the collision can be solved from the initial data. In the low speed approximation, the solutions are rather simple. The shell may either bounce back or pass through the wormhole. In either case, the wormhole shrinks right after the collision. In the "bouncing" case, a surprising result is that the radial speeds before and after the collision satisfy an addition law, which is independent of other parameters of the wormhole and the shell. Once the shell passes through the wormhole, we find that the shell always expands. However, the expansion rate is the same as its collapsing rate right before the collision. Finally, we find out the solution for the shell moving together with the wormhole. This work sheds light on the interaction between wormholes and matter.
Introduction
The thin shell model [1] is an idealization of the real matter distribution and has given many interesting solutions in general relativity and alternative gravity theories. Using the "cut and paste" technique, Visser [2] proposed a simple method to construct thin shell wormholes. Linear stability of thin shell wormholes was studied later [3] - [6] . It is well known that a wormhole must contain exotic matter, which violates some energy conditions.
Usually, a wormhole is treated as a fixed background. It is important and interesting to know how a wormhole interacts with matter. For instance, how will the wormhole change when a self-gravitating object falls into it? This is a difficult issue because it involves backreaction. In this paper, we use a thin shell consisting of ordinary matter as the source of perturbation. We study the physical process when an initially static wormhole collides with the ordinary shell. Investigating this process may help us understand the stability and traversability of wormholes. Although the thin shell is a simplified object, studying the problem of collision is still not easy. Notice that Langlois, Maeda and Wands [7] derived the conservation laws in the collision of thin shells. This is a consequence of the continuity of the spacetime metric. By employing the LMW mechanism as well as the Israel junction condition, we show that the problem can be solved at low speed limits. We first consider two interesting scenarios of collision: The shell bounces back or the shell passes through the wormhole. The two scenarios obey different equations of motion. For the "bouncing" case, we found that the radial speeds of the wormhole and the shell after the collision are both proportional to the original speed of the shell. Most interestingly, the three speeds satisfy a simple addition law. For the "passing" case, our solution is consistent with that in [8] which was obtained by a different approach. We also discuss the scenario that the shell and the wormhole stick together after the collision.
General properties for shell collisions
In this section, we review the LMW mechanism, which shows that the continuity of spacetime implies the conservation laws.
Consider a spherical shell Σ moving in a spherical spacetime. The coordinates on the two sides of the shell are labeled by (t 1 , r 1 ) and (t 2 , r 2 ), where we have dropped the (θ, φ) coordinates for simplicity (see Fig. 1 ). The metrics on both sides are of the form
where i = 1, 2 and in the Schwarzschild case
Let [K ab ] be the jump of the extrinsic curvature across the shell. The evolution of the shell follows the junction condition [1] [
where h ab is the induced metric on Σ and S ab is the energy-momentum tensor of the shell. In the spherical case, we have
where ǫ i = −1 corresponds to r increasing from left to right in Fig. 1 and ǫ i = +1 otherwise. For an ordinary shell, ǫ 1 = ǫ 2 = −1 , while for a wormhole with exotic matter, ǫ 1 = 1 and ǫ 2 = −1.
Note that r 1 = r 2 by continuity, but t is discontinuous across the shell. We may write the four-velocity of the shell as
Note that we have usedṙ instead ofṙ i because r 1 = r 2 . The normalization condition g ab u a u b = −1 yieldsṫ
The normal vector of Σ is of the form
Now we have three orthogonal and normal tetrads related by the following Lorentz transformation [7] 
where
and
Figure 2: M shells colliding at a moment and N − M shells appearing after the collision.
Now consider M shells colliding simultaneously. After the collision, N − M shells appear. So there are N shells in total at the spacetime point of collision (see Fig. 2 ). We label each shell by an odd number and the region in between by an even number.
Define the angles on each side of the shell by
Now perform the Lorentz transformation (11) to each shell in Fig. 2 associated with α i near the collision point. Then after completing this process, we end up with the consistent relation
which is equivalent to
where we have defined α 2k|j ≡ −α j|2k . This is an important result of [7] . It is also called the geometrical constraint, which reflects the continuity of the metric at the collision point. One can show that Eq. (14), together with the junction conditions, indicates the conservation of energy and momentum.
3 Collision of a static wormhole with a shell Suppose that the spherical thin shell wormhole is originally at rest (Σ 1 in Fig. 3 ). Then another thin shell Σ 3 with ordinary matter collapses and hits the wormhole. After the collision, a new spacetime region with function f 6 in Fig.  3 emerges. This is the case that M = 2 and N = 4 in Fig. 2 . Given initial values, we show that the junction conditions and the consistency condition (14) are just enough to determine the state after the collision. We are interested in two scenarios after the collision: The shell either remains on the same side of the wormhole or passes through the wormhole. It is reasonable to assume that the proper masses of the wormhole and the shell remain unchanged just after the collision. The two cases are determined by different sets of equations, so we shall solve them one by one. Another scenario is that the shell and the wormhole move together after the collision. In this case, the speed and the mass of the new wormhole can both be solved.
Case 1: The bouncing solution
In this case, the shell remains on the same side of the wormhole after the collision, as depicted in Fig. 3 . According to Eq. (12), the Lorentz angles are given by sinh α 18 = 0, sinh α 12 = 0 (15)
sinh
The consistency condition is given by
It is reasonable to assume that the masses of the wormhole and the shell remain unchanged, i.e.,
For simplicity, we assume that the static wormhole is symmetric. Hence,
Applying Eq. (4) to each shell, we have the following four equations:
We may choose the initial values f 4 (< f 2 ) andρ 3 . Then ρ 1 andṙ 3 can be solved from Eqs. (23) and (24). By Eqs. (25), (26), and (19), one can solve foṙ r 5 ,ṙ 7 , and f 6 .
These equations are not easy to solve, even numerically. However, in the following subsections, we derive an inequality for f 6 and then find the solutions at low speed limits.
An inequality
Combination of Eq. (23) 
This is the range for f 6 . In the following, we consider a solution of perturbation, where f 6 is very close to f 2 . Thus, only f 6 < f 2 will be considered.
Solutions for low speeds
When treating the behavior of the shell as a perturbation, it is reasonable to assume thatṙ 3 is small. Consequently,ṙ 5 andṙ 7 are also small. Then by Taylor expansion, Eqs. (23)- (26) and Eq. (19) may be approximated as
Then the solution of Eqs. (40) and (41) is given bẏ
Since
for 0 < k < 1, we find
Becauseṙ 3 < 0, Eq. (44) showsṙ
Therefore, the throat of the wormhole always decreases right after the collision.
Eq. (43) shows thatṙ 5 < 0 when k < 1 3 , which means both the shell and the wormhole shrink. It is easy to finḋ
which means
ifṙ 5 < 0. So the wormhole shrinks faster than the shell. This is an expected result. Otherwise, the shell cannot remain on the same side of the wormhole after the collision, as shown in Fig. 3 . The relationṙ
is surprisingly simple, which means that the sum of the speeds of the shell before and after the collision is equal to the speed of the wormhole after the collision! The above analysis can be verified by numerical calculation. We choose
Then Eqs. (30)- (34) can be solved numerically:
These results yieldṙ
Hence, Eq. (50) is confirmed.
Another solution?
There is another obvious solution:
The apparent interpretation of this solution is that the wormhole remains static and the shell is still collapsing with the same speed. This set of solutions even satisfies the original equations without any approximation. However, this solution is not real in physics. If the wormhole remains static and the shell remains on the same side, the shell must bounce back with a larger radius because the throat of the wormhole has the minimum radius. 
We seeṙ 5 < 0 for both solutions, meaning the wormhole keeps shrinking as expected. In the first solution,ṙ 7 < 0 and |ṙ 7 | < |ṙ 5 |, meaning the wormhole shrinks faster than the shell, which is inconsistent with the passing through picture. Therefore, this solution should be discarded. In the second solution, r 7 > 0, meaning the shell expands after the collision. This is reasonable because when the shell appears on the other side of the wormhole, its radius must be larger than the radius of the throat of the wormhole. It is worth mentioning that the same issue has also been discussed in [8] . By assuming that the four velocities remain unchanged, i.e., 
which, as we have mentioned, can be derived from the consistency condition (19). However, Eq. (75) only works for the "passing" case, not the "bouncing" case. 
Case III: Moving together
Finally, we consider M = 2 and N = 3 in Fig. 2 . This is the case where the shell and the wormhole stick together after the collision (see Fig. 4 ). We solve for the radial speedṙ 5 as well as the densityρ 5 . The junction conditions for the three shells arẽ
We can easily findṙ
Soṙ 5 < 0, meaning that the new wormhole still shrinks. It is also easy to obtaiñ
